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INTRODUCTION 

We recen t ly  r epor t ed  on t h e  successfu l  replacement of r ecyc le  so lven t  by water 
i n  conventional coa l  l i q u e f a c t i o n ,  with and without added hydrogenation 
c a t a l y s t  p recursors  ( 1 ) .  High coa l  conversions (as measured by THF 
s o l u b i l i t i e s )  were obta ined  a t  modest temperatures (37Oo-385O) w i t h  t h e  use of 
l i t t l e  o r  no organic  r ecyc le  so lvent  and short r e a c t i o n  times (5-30 minutes).  

Water has  been used i n  t h e  pas t  i n  t he  l i q u e f a c t i o n  or t h e  e x t r a c t i o n  of coal  
for a v a r i e t y  of reasons .  When used i n  combination with carbon monoxide and a 
s u i t a b l e  c a t a l y s t ,  water was a source of hydrogen f o r  the r educ t ion  of coa l  
( 2 , 3 ) .  
with  water i n  t h e s e  s tud ibs .  

Liquefaction under carbon monoxide has a l s o  been c a r r i e d  out  by ROSS and 
co l leagues  (4,5) wi th  s l u r r i e s  composed of coa l  and e i t h e r  water or aqueous 
base without an o rgan ic  so lven t .  In some cases .  Ross has  used water t o  ca r ry  
d isso lved  metal  sa l t s  a s  homogeneous c a t a l y s t s  a s  well as a l i q u e f a c t i o n  medium 
(6), but s t i l l  i n  t h e  presence of carbon monoxide as the  reducing gas. 

In comparison wi th  convent iona l  organic  l i q u e f a c t i o n  so lven t s ,  S tenberg  et a l .  
have shown water t o  be q u i t e  e f f e c t i v e  when used i n  combination wi th  H,S. i n  
p a r t i c u l a r  under s y n t h e s i s  gas  rather than hydrogen (7). 

Aqueous l i q u e f a c t i o n  using impregnated c a t a l y s t s  has  a l s o  been combined i n  a 
s i n g l e  ope ra t ion  wi th  s u p e r c r i t i c a l  water d i s t i l l a t i o n  t o  s e p a r a t e  the  o i l  and 
asphal tene  from t h e  coa l  char r e s idue  ( 8 ) .  Barton’s r e s u l t s  c l e a r l y  show t h a t  
t he  l i q u i d s  produced by hydrogenation can be ex t r ac t ed  by s u p e r c r i t i c a l  water 
and t ranspor ted  away from inso lub le  coal r e s idues .  

Wender and co-workers have a l s o  shown t h a t  t he  s imple  t rea tment  of coa l  wi th  
s u p e r c r i t i c a l  water i n  t h e  absence of hydrogen or c a t a l y s t  r ende r s  a 
s u b s t a n t i a l  po r t ion  of t he  t r e a t e d  coa l  e x t r a c t a b l e  by THF a f t e r  t h e  product 
was cooled and recovered  from t h e  au toc lave  ( 9 ) .  The amount of e x t r a c t  
obtained depended on t h e  dens i ty  of the  s u p e r c r i t i c a l  water. 
were obta ined  when coa l  was i n j e c t e d  i n t o  s u p e r c r i t i c a l  water ,  t hus  provid ing  a 
r ap id  heat-up of t h e  coa l ,  than  when a coal-water s l u r r y  was heated t o  
ope ra t ing  temperature.  

I n  add i t ion  t o  t h e  phys ica l  r o l e  of water repor ted  by Wender, i t  has a l s o  been 
repor ted  t h a t  water may d i r e c t l y  p a r t i c i p a t e  a s  a r e a c t a n t  i n  t h e  the rmoly t i c  
chemistry Of c e r t a i n  model compounds. 
decomposed a t  400° C by both py ro ly t i c  and hydro ly t i c  pathways, t h e  l a t t e r  
lead ing  t o  t h e  format ion  of benzyl a lcohol  (10) .  

The removal of n i t rogen  from he te rocyc l i c  compounds, such a s  i soqu ino l ine ,  was 
a l s o  repor ted  t o  be a c c e l e r a t e d  i n  the presence of s u p e r c r i t i c a l  water ( 1 1 ) .  

Appell and co-workers f r equen t ly  used an organic  so lven t  i n  combination 

Higher y i e l d s  

In t h e  presence of water. d ibenzyl  e the r  
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Taken toge the r ,  t hese  previous s t u d i e s  by o the r  r e sea rche r s  i n d i c a t e  t h a t  under 
var ious  cond i t ions ,  s u p e r c r i t i c a l  water may a c t  a s  a good l i q u e f a c t i o n  medium, 
d i s so lve  or e x t r a c t  coal-derived l i q u i d  products ,  promote t h e  cleavage of 
c e r t a i n  bonds l i k e l y  t o  be found i n  c o a l ,  provide hydrogen through t h e  water-gas 
s h i f t  r eac t ion ,  and poss ib ly  assist t h e  con t r ac t ing  of coal  w i t h  c a t a l y s t s  or 
hydrogen. 

Though t h e s e  r e p o r t s  suggest a r i c h  and va r i ed  chemistry i n  l i q u e f a c t i o n  wi th  
water ,  fundamental s t u d i e s  w i t h  models has  rece ived  inadequate a t t e n t i o n .  The 
ob jec t ive  of t h i s  s tudy  was t o  i n i t i a t e  an inves t iga t ion  i n t o  the  o rgan ic  
r e a c t i o n  mechanisms of coa l  and coa l  model compounds with s u p e r c r i t i c a l  water.  

EXPERIMENTAL 

A mu l t i r eac to r  cons i s t ing  of f i v e  ind iv idua l  microautoclaves,  each of 
approximately 45-mL capac i ty  and a t t ached  t o  a s i n g l e  yoke, was used t o  s tudy  
these  r e a c t i o n s  (12) .  The e n t i r e  assembly was immersed r a p i d l y  i n t o  a 
preheated, f l a i d l z e d  sand ba th ,  allowing heat-up t o  r e a c t i o n  temperature i n  436 
minutes. Immersion i n  a second f l u i d i z e d  sand bath held a t  room temperature 
provided r ap id  quenching. The au toc laves  were a g i t a t e d  by a rap id  
hor izonta l - shaking  motion. a s su r ing  good mixing of heterogeneous,  mul t iphase  
mixtures.  - Ind iv idua l  thermocouples allowed continuous temperature monitoring 
of each microautoclave.  For a l l  experiments repor ted  here ,  t h e  r e a c t o r s ,  once 
p res su r i zed ,  were i s o l a t e d  from the gas-handling manifold by a va lve  and a 
sho r t  l eng th  of tubing of neg l ig ib l e  volume. 
t h e  r e a c t i o n  zone due t o  condensation i n  t h e  unheated por t ion  of the system. 
Separa te  experiments using d i f f e r e n t  r e a c t o r s ,  i n  which i t  was poss ib l e  for 
water t o  migrate t o  unheated reg ions  of t h e  system, ind ica t ed  t h a t  such water 
loss had a profound but e r r a t i c  e f f e c t  on measured va lues  for pressure  and coa l  
conversion, and gene ra l ly  l e d  t o  misleading da ta .  

The p res su re  a t  r e a c t i o n  temperature was not measured d i r e c t l y  in t h e s e  
experiments. 
equation. 

Table 1 g ives  the ana lyses  Of the I l l i n o i s  No. 6 (River King Mine) bituminous 
coa l  and process der ived  so lven t  (SRC 1 1 ) .  The conversion va lues  were obta ined  
by t h e  cen t r i fuga t ion  method described e a r l i e r  ( 1 ) .  

Model compound experiments were performed i n  t h e  i d e n t i c a l  r e a c t i o n  appa r tus .  
Any product gases were uncollected.  The r e a c t o r s  were washed out  wi th  
dichloromethane (F i she r ;  ACS c e r t i f i e d )  and the  aqueous l aye r  removed. The 
organic  l a y e r  was f i l t e r e d  through a s i n t e r e d  g l a s s  funne l ,  wi th  subsequent 
ana lys i s  by c a p i l l a r y  gclm.3 (Hewlett  Packard model 5790A gas chromatograph 
equipped wi th  a Hewlett Packard model 5970A mass s e l e c t i v e  d e t e c t o r ) .  Mass 
s p e c t r a l  i on iza t ion  c u r r e n t s  and gc parameters were i d e n t i c a l  i n  the  a n a l y s i s  
of s tandards  and r e a c t i o n  products.  

~ 1 1  model compound experiments were r eac t ed  a t  385O C for 30 minutes.  A 1200 
ps ig  cold charge of H, was employed in  each experiment u t i l i z i n g  molecular 
hydrogen. The bibenzyl r eac t ions  used 2.5g (0.014mol) bibenzyl (Aldr ich)  and 
1.8g (0.09 mol) deu te r ium oxide  (Aldr ich ,  gold l a b e l ) .  The biphenyl 
experiments a l s o  employed 2.5g (0.016 mol) biphenyl (Aldr ich)  and 1.8g D,O. 
The r e a c t i o n s  wlth.4-benzylphenol (Chemical S a l e s  Co.), dibenzyl e the r  (Aldr ich)  
and benzyl e thy l  e the r  ( P f a l t z  & Bauer),  used 0.92 (0.005 mol),  0.99g (0.005 
mol),  and 0.68g (0.005 mol) r e spec t ive ly ,  and 4.0g D,O in each r eac to r .  

T h i s  prevented l o s s  of water from 

The p a r t i a l  p ressure  of water was es t imated  using van de r  Waal's 
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RESULTS A N D  DISCUSSION 

I. Bituminous Coal S t u d i e s  

Inverse  i so tope  e f f e c t s  has been observed by Appell (13) and Ross ( 1 4 )  when 
water was rep laced  wi th  D,O i n  coal l i q u e f a c t i o n .  Appell observed an enhanced 
conversion of nea r ly  6% when D,O was u t i l i z e d  i n  p lace  of water wi th  
hexahydropyrene ( H H P )  a s  a so lven t .  A s i g n i f i c a n t  enhancement was s i m i l a r l y  
observed by Ross through s u b s t i t u t i o n  of water by D,O i n  h i s  use of COIwater 
systems without a so lven t .  Ross has a t t r i b u t e d  t h i s  phenomenon t o  a 
phenol-keto equi l ibr ium followed by hydr ide  t r a n s f e r  from formate t o  coa l  
moie t ies  i n  a Michael sense.  The inverse  i so tope  e f f e c t ,  i n  Ross' argument, 
r e s u l t s  from the f a c t  t h a t  t h e  formate r e a c t i o n  w i t h  water exper iences  a normal 
i so tope  e f f e c t  and is t h e r e f o r e  slowed i n  D,O, consequently enhancing t h e  
s t a b i l i t y  of a c t i v e  formate by precluding t h e  te rmina t ion  r e a c t i o n  t o  CO, and 
H,, which  he sugges t s  r ap id ly  p reva i l s  under these  condi t ions .  

Rosa f u r t h e r  contends t h a t  a l l  coal l i q u e f a c t i o n  r e a c t i o n s  can be viewed along 
s i m i l a r  l i n e s .  Donor so lven t  l i que fac t ion ,  i n  h i s  concept,  r e s u l t s  v i a  hydride 
t r a n s f e r  f rom hfdroarcmat ic  compounds to e f f e c t  reduct ions  of quinones and/or 
semiquinones with subsequent e l imina t ion  of s u b s t i t u t e n t  groups. 

If the mechanism of l i q u e f a c t i o n  i s  indeed i o n i c ,  water may be envisioned a s  a 
po la r  s o l v e n t ,  r e s u l t i n g  i n  a lowering of t h e  t r a n s i t i o n  s t a t e  energy v i a  
so lva t ion  and correspondingly increased conversions.  With t h i s  d i scuss ion  in 
mind, we undertook two s e t s  of experiments,  each comparing H,O w i t h  D,O. The 
f i r s t  was e s s e n t i a l l y  a r epea t  of Appell 's  experiment with minor v a r i a t i o n s .  
T e t r a l i n  was employed a s  the  so lvent  and a h igher  hydrogen charge was u t i l i z e d .  
I n  an attempt t o  enhance t h e  ion ic  cha rac t e r  of t h e s e  r e a c t i o n s ,  2mmol of 
Cs,CO, was added t o  the  water.  Ross had u t i l i z e d  the observed c a t a l y t i c  e f f e c t  
of bases i n  h i s  r e a c t i o n s  as a major argument for h i s  proposal of an i o n i c  
mechanism. Cs,CO, was chosen s ince  C s  has been r epor t ed  as t h e  most mobile of 
t h e  Group I A  meta ls  i n  the  g a s i f i c a t i o n  of c o a l s  (15) and we wished t o  
circumvent,  as far a s  poss ib l e ,  any anomalies from se l ec t ed  ion  exchange. 

The conversions ob ta ined  were i d e n t i c a l ,  wi th in  experimental  e r r o r ,  a s  
i l l u s t r a t e d  i n  Table  2 (68-70 w t .  %). Clea r ly ,  under these  condi t lons .  no 
i so tope  e f f e c t  is ev iden t .  I t  is s i g n i f i c a n t  that  Appell's work, a t  much lower 
hydrogen pressure  and 5 fewer minutes res idence  t ime ,  r e s u l t e d  i n  dramat ica l ly  
higher convers ions  (84-90 w t .  5 ) .  The g r e a t e r  ease of hydrogen a b s t r a c t i o n  from 
HHP than t e t r a l i n  is dramat ica l ly  evidenced by t h e s e  r e s u l t s .  These r e s u l t s  
do l i t t l e ,  however, t o  suppor t  t h e  r o l e  of water as r e a c t a n t  i n  our systems, or 
an ion ic  mechanism for  l i que fac t ion  i n  gene ra l .  

If one accep t s  t h e  arguments of Ross, molecular hydrogen should p lay  no k i n e t i c  
role i n  coa l  conversion. El imina t ion  of hydrogen i n  favor  of the  polar  
so lvent  Water should  t h e r e f o r e  enhance o v e r a l l  conversions.  
we undertook four  experiments,  i n  t h e  absence of molecular hydrogen, a s  
i l l u s t r a t e d  i n  Tab le  3. 
and t e t r a l i n  as a so lven t  r e su l t ed  i n  s l i g h t l y  lower convers ions  for t h e  D,O 
t han  H,O experiments.  More s i g n i f i c a n t l y ,  t h e  Conversions were cons iderably  
lower than those  observed i n  Table 3 where less water ,  but molecular hydrogen 
was Present.  C l e a r l y ,  molecular hydrogen p lays  a dominant r o l e  even when 
experimental  cond i t ions  favor  an ion ic  pathway. Since it is d i f f i c u l t  t o  
envis ion  an i o n i c  mechanism for t he  r o l e  of molecular hydrogen i n  l i q u e f a c t i o n ,  
such obse rva t ions  a r e  incons i s t en t  with a gene ra l  i o n i c  mechanism for 

I n  t h i s  r ega rd ,  

Comparison of H,O and D,O wi th  added KOH as a c a t a l y s t  

58 



l i que fac t ion  and support  the f r e e  radical hydrogenolysis  mechanism proposed by 
Vernon (16) .  

Further  evidence r e f u t i n g  no t  only an i o n i c  mechanism, but t h e  r o l e  of water as 
a r e a c t a n t  as wel l ,  can be found i n  comparison of Experiments 5 B  and 5 C .  
Removal of t h e  KOH c a t a l y s t  and r educ t ion  o f  water by a f a c t o r  of two r e s u l t e d  
i n  no appreciable  change i n  conversion. 

A change i n  so lven t  from t e t r a l i n  t o  SRC 11, however, gave a dramatic  decrease 
i n  conversion. 
hydrogen atom donors i n  SRC I1 when compared t o  t e t r a l i n .  The s i g n i f i c a n t  r o l e  
of such donors i n  water assisted l i q u e f a c t i o n ,  r e g a r d l e s s  of t h e  l i q u e f a c t i o n  
mechanism, is c l e a r l y  ev iden t  from these experiments.  

2. MODEL COMPOUND STUDIES 

Such an e f f e c t  may be e a s i l y  a t t r i b u t e d  t o  a lower number of 

I n  Appell 's  experiments with coa l  (13). t h e  inco rpora t ion  of  deuterium i n t o  
coa l  der ived hydrocarbons, pyrene, and HHP was noted. Ross noted a l a c k  of 
c o r r e l a t i o n  between exchange and conversion i n  h i s  s tudy ( 1 4 ) .  
r e s u l t s  suggested t o  Appell tha t  water was a r e a c t a n t  under h i s  cond i t ions ,  
t hese  r e s u l t s  could also be explained by an i n i t i a l  low temperature exchange of 
phenol ic  hydroxyls with D,O. followed by higher  temperature  deuterium atom 
t r a n s f e r s  between t h e s e  now deu te ra t ed  phenols and hydrocarbon r a d i c a l s .  

I f  our proposed exp lana t ion  is ope ra t ive ,  t h e  use of 0-alkylated c o a l s  could 
circumvent t h e  low temperature  exchange. Observat ion of deuterium exchange i n  
coa l  products  der ived from such a Coal may then i n d i c a t e  t r u e  r e a c t i o n  
chemistry.  
was observed by P a u l a i t i s ,  however. I f  the hydro lys i s  of methyl e t h e r s  i s  
general  and i o n i c  i n  s u p e r c r i t i c a l  water ,  as t h e i r  work with quaiacol  would 
i n d i c a t e ,  t h e  formation of phenols from these  hydro lys i s  r e a c t i o n s  may a l s o  
l ead  t o  exchange. Such an occurance would i n v a l i d a t e  our arguments for t h e  
experiments w i t h  0-alkylated coa l .  

Fu r the r ,  t h e  hydrogenolysis  of a n i s o l e ,  as r epor t ed  by Friedman (17) .  may a l s o  
i n d i c a t e  a reac t ion  pathway by which phenols,  p ro t ec t ed  a s  methyl e t h e r s ,  could 
r e a c t  i n  what is e s s e n t i a l l y  an exchange r e a c t i o n .  If t h e  phenoxy1 r a d i c a l  
i n t i a l l y  formed from a n i s o l e  is reduced t o  t h e  phenoxide ion ,  such exchange may 
occur. The observat ion of c r e s o l s  i n  Friedman's work, however, would t end  t o  
i n d i c a t e  t h a t  such is not  t he  case.  

We attempted t o  address  both  concerns v i a  t h e  r e a c t i o n  of seve ra l  model 
compounds w i t h  D,O i n  t h e  presence and absence of molecular hydrogen. 

S i g n i f i c a n t  exchange between bibenzyl  and D,O was observed on ly  upon the  
in t roduc t ion  of molecular hydrogen t o  t h e  system. 
w i t h  biphenyl e i t h e r  i n  the absence or presence of molecular hydrogen. 
r e s u l t s  suggest  t h a t  H-atoms produced from the  hydrogenolysis  of bibenzyl  
r eac t ed  w i t h  t he  l a r g e  molar excess  of D,O t o  produce HD and hydroxyl r a d i c a l s .  
Once HD was formed, i nco rpora t ion  of deuterium i n t o  a v a r i e t y  of products  
would be expected. The hydroxyl r a d i c a l  could then capped by a v a r i e t y  of 
s p e c i e s ,  including molecular hydrogen i n  what would amount t o  a cha in  r e a c t i o n .  

There was no evidence for t he  observat ion of hydroxylated products  i n  t h e  
total7ion-chromatograph (TIC) of t h e  dichloromethane s o l u b l e  f r a c t i o n .  The 
aqueous f a c t i o n  was unanalyzed. 

Though h i s  

Hydrolysis  of t h e  methyl e t h e r  of gua iaco l  by s u p e r c r i t i c a l  water 

Exchange was not  observed 
These 
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The T I C  of the dichloromethane so lub le  products from t h e  r e a c t i o n  of benzyl 
e thyl  e t h e r  i n d i c a t e d  only alcohol-d exchanged benzyl a lcohol .  There was 
no evidence i n  t h e  mass s p e c t r a  for incorpora t ion  of deuteriiun i n t o  any C-H 
bond. The hydro lys i s  appeared complete. I t  is important t o  note  t h a t  
molecular hydrogen was unemployed i n  t h i s  experiment.  

Analysis of the T I C  from t h e  organic  f r a c t i o n  of t h e  similar r e a c t i o n  with 
dibenzyl e the r  i nd ica t ed  only  unexchanged r eac t an t .  Benzyl a lcohol  was not 
observed. 

Analysis of t he  dichloromethane so lub le  products from the  r e a c t i o n  of 4-benzyl 
phenol with deuterium oxide i n  the  absence of molecular hydrogen is most 
in t r igu ing .  Only 4-benzyl phenol was observed i n  t h e  TIC ,  however, 
mass4spectral  a n a l y s i s  i nd ica t ed  the  major product t o  be doubly labe led .  
Fragment ions  c l e a r l y  i l l u s t r a t e  t h e  inco rpora t ion  of deuterium i n t o  C-H bonds. 

Taken toge the r ,  t h e s e  r e s u l t s  suggest e l e c t r o p h i l i c  a romat ic  s u b s t i t u t i o n  
between t h e  ac t ived  phenol and a hydronium ion-d,. Act iva t ion  of t h e  aromatic 
r ing  was i n s u f f i c i e n t  with t h e  o ther  models t o  e f f e c t  such exchange. 

Additional experiments a r e  c u r r e n t l y  underway i n  our  l abora to ry  t o  f u r t h e r  
s u b s t a n t i a t e  t h i s  hypothes is .  The p o s s i b i l i t y  of similar r e a c t i o n  between coa l  
and water would be easy t o  suppor t .  Coal would be  expected to  possess  
s t r u c t u r a l  u n i t s  with r e l a t i v e l y  low energy a s  carboca t ion  leaving  groups 
through s u b s t i t u t i o n  by a pro ton  i n  water.  Such moie t i e s  wo;lld inc lude  
carboca t ions  w i t h  t he  p o s s i b i l i t y  of resonance s t a b i l i z a t i o n  by an aromatic 
system (e.g. ,  benzyl ca rboca t ion ) ,  a lpha  t o  an ether oxygen ( s i m i l a r  t o  those  
discussed by Larsen (18 ) )  o r  carbonyls (e.g. ,  decarboxyla t ion) .  

Should a d d i t i o n a l  model compound s t u d i e s  suppor t  t h e  f e a s i b i l i t y  of s imi l a r  
r eac t ions  between water  and c o a l ,  t h e  observed enhanced y i e lds  from 
l ique fac t ion  w i t h  water  may, a t  l e a s t  p a r t i a l l y ,  be a t t r i b u t e d  t o  t h e  
ip sosubs t i t u t ion  of  a proton f o r  a s u b s t i t u e n t  on an aromatic moiety i n  coa l .  

T h i s  sugges t ion  i n  no way presupposes t h a t  e l e c t r o p h i l i c  aromatic s u b s t i t u t i o n  
is t h e  only mechanism opera t ing  i n  l i que fac t ion .  I t  may, however, i n d i c a t e  a 
dormant r e a c t i o n  pathway under t h e  t r a d i t i o n a l  donor so lven t  l i que fac t ion  
condi t ions ,  which now con t r ibu te s  t o  t h e  o v e r a l l  production of l i q u i d  products,  
thus  the  apparent  i n c r e a s e  i n  y ie ld .  The so lva t ion  e f f e c t  of s u p e r c r i t i c a l  
Water i n  promoting t h e s e  poss ib ly  new i o n i c  pathways i n  aqueous l i que fac t ion  is 
CUrIXntly under i n v e s t i g a t i o n  i n  our l abora to ry .  
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TABLE I .  ELEMENTAL ANALYSES OF COAL A N D  V E H I C L E S . ~  

S - N 0 - -  H - C Mate r i a l  - 
I l l i n o i s  No. 6 73.7 5.6 1.5 14.8 4.5 
Coal, Rivgr 
K i n g  Mine 

SRC-I1 D i s t i l l a t e  87.1 8.0 1 . 4  3.0 0.4 

a ut .%,  daf  b a s i s ,  Huffman Labs, Wheatridge, Colo. 

Moisture-free a s h  conten t  was determined t o  be 13.6 ut.% for  t h e  River 
King Coal. A s  used, the  coal contained 3 u t . %  water.  

Table 2. Comparison of H,O and D,O a s  Vehic les  Under Water Ass is ted  
L ique fac t ion  Conditions'  

Ex. # Vehicle Conversion2 - 
68 
70 

Reaction Condi t ions :  11.00 g River King Coal;  1.70 g H,O or 
D,O; 1.50 g t e t r a l i n ;  1200 p s i g  H, 
( co ld ) ;  385OC; 20 mins. a t  temp.; 
2 mmol Cs ,CO,  added v i a  the  water.  

DAF bas i s ;  average of dup l i ca t e  runs ;  r e p r o d u c i b i l i t y  f 1 u t .  %. 
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